Performance of hydrogen silsesquioxane ͑HSQ͒ resist material with respect to the temperature during electron beam exposure was investigated. Electron beam exposure at elevated temperatures up to 90°C shows sensitivity rise and slight contrast ͑␥͒ degradation compared to lower temperature cases. Ultrahigh resolution structures formed at elevated temperatures manifest better uniformity together with aspect ratio improvement and less linewidth broadening with overdose. Potential mechanisms for observed phenomena are proposed.
I. INTRODUCTION
At the moment, the hydrogen silsesquioxane ͑HSQ͒ negative tone electron beam resist keeps attracting extraordinary research attention because of its high resolution pattern definition potential. A variety of methods have been reported to improve the HSQ performance. Investigation of the impact of temperature during drying, development and postdevelopment bake, 1,2 development with ultrasonic agitation 2 and in salty solutions, 3 and exposure in ultrathin HSQ films 4 are typical examples of recent progress in that field. In this work we focus on the temperature during exposure as a possible means to improve the resist performance. Resist temperature during exposure has been reported to have a substantial influence on sensitivity for the variety of both positive and negative tone electron beam resist materials. [5] [6] [7] [8] Thermal effects were reported either as a consequence of high current exposure or by applying well-defined substrate temperature variation by using a heated/cooled chuck. It is the latter approach we adopt in this work as it enables to study more accurately the high resolution capabilities under impact of the temperature during exposure. To this aim fine line patterns in ultrathin HSQ layers are evaluated by scanning electron microscope ͑SEM͒ and atomic force microscope ͑AFM͒ to unravel possible changes in the granular nanostructure.
II. EXPERIMENT
FEI Strata DB 235 SEM was used for e-beam exposures as well as for inspection of the developed structures. Exposures for contrast and sensitivity measurements were done in resist films of ϳ70 nm thickness at 30 kV accelerating voltage with defocused beam in the dose range from 10 C / cm 2 to 1 mC/ cm 2 in steps of 25 C / cm 2 . Patterns used for that purpose were 50ϫ 50 m 2 squares. The height of the developed structures was measured by profilometer. Fine line exposures were performed with the smallest possible probe size at 20 kV with 16 pA beam current in the ultrahigh resolution mode of the SEM at 5 mm working distance. For ultrahigh resolution exposures HSQ resist was diluted with methyl isobutyl ketone in 1:10 concentration and spun on Si substrates. Resulting thickness of resist layer was ϳ5 nm as confirmed by ellipsometry measurements. Resist films were dried in vacuum at room temperature for 30 min. This way of drying was chosen owing to its high resolution capabilities demonstrated by others. 1 Droplet of Au nanoparticles ͑ϳ20 nm diameter͒ was placed directly on the resist surface allowing in situ e-beam focusing and spot size measurement. The e-beam spot size was controlled each time prior to the exposure and was evaluated to be on the minimum achievable level of ϳ3 nm. Quantification of the spot size was performed by deconvolution of the full width at half maximum ͑using 25%-75% threshold levels͒ from SEM images of Au nanoparticles. An array ͑5 ϫ 2 m 2 ͒ of lines with 1 pixel linewidth ͑equal to minimum spot size͒ and a pitch of 100 nm was used as the exposure pattern. For dose variation, patterns were written at each temperature in a range from 3 to 10 mC/ cm 2 with 1 mC/ cm 2 step. After development ͑MF351 from Rohm&Hass͒ and immersion in a "stopper" solution ͑MF351: H 2 O=1:9͒, the samples were rinsed in deionized water. Heating of the resist under electron beam exposure was considered negligible ͑i.e., Ͻ1°C͒ taking into account the small e-beam probe size, relatively low beam current and accelerating voltage, thin resist thickness, and good heat conductivity of the Si substrate. This assumption is consistent with data from reports on direct measurement 9 as well as with modeling 10 and analytical evaluation 11, 12 of e-beam induced temperature rise. A cascade of Peltier elements was mounted on the stage equipped with an Al heat absorber allowing us to control the temperature of the substrate in range from −20 up to 90°C. The temperature during exposure was measured with a chromel-alumel thermocouple. AFM measurements of the developed ultrahigh resolution structures were done on a Veeco Dimension 3100 microscope using standard silicon tips. a͒ Electronic mails: v.a.sidorkin@tudelft.nl and sidorkin_vadim@mail.ru
III. RESULTS AND DISCUSSION

A. HSQ contrast and sensitivity versus exposure temperature
Curves of residual resist thickness versus dose for HSQ resist exposed at −20, 0°C, 25, 60, and 90°C temperatures are shown in Fig. 1͑a͒ . Sensitivity values were obtained as the dose necessary to expose the resist to achieve 50% of its normalized thickness after development. Contrast values were calculated according to an equation introduced by Thompson. 13 The temperature dependence of the sensitivity and the contrast are plotted in Fig. 1͑b͒ . The results show an increase in the sensitivity ͑from 211 to 63 C / cm 2 ͒ and a slight contrast degradation ͑from 3.0 to 2.4͒ with temperature rise within investigated temperature range ͓Fig. 1͑b͔͒. From the Arrhenius plot of the sensitivity an activation energy E a of 1.6 kcal/mole is obtained.
The e-beam exposure mechanism of HSQ involves a twostep process with electron-induced scission of Si-H bonds followed by Si-O-Si cross-linking assisted by interaction with moisture. 14 The E a ͑1.6 kcal/mole͒ we found for HSQ exposure is slightly larger than the value reported for e-beam exposure of polymethyl methacrylate ͑PMMA͒ ͑1.1-1.3 kcal/mol in 20-140°C interval͒ 8 where electron-induced C-C bond scission is the primary reaction steps. The increase in resist sensitivity with temperature rise for PMMA is attributed to a change in molecular mobility 8 as it contributes to the main bond scission and the recombination of polymer radicals. The slightly larger E a of HSQ compared to PMMA is somewhat unexpected considering that the electroninduced scission happens in Si-H bonds which are weaker than the C-C bonds in PMMA. This contradiction could denote that not only bond scission and recombination play a role in the HSQ exposure process with temperature rise. Beside that, contrast degradation observed for HSQ with exposure temperature rise is not typical for the e-beam resists studied so far. A slight variation of contrast under e-beam exposure was observed for PMMA and polymethyl isopropanyl ketone ͑PMIPK͒ resists. 8 In that report resolution and contrast variation with temperature change was assigned to variation of molecular weight dispersity and overlap of molecular weight distributions between original and irradiated resists. A similar scenario could be also attributed to certain extent in the HSQ case even so it is a negative tone resist. A natural consequence for HSQ is that higher temperature may enhance polymerization and possibly the degree of crosslinking could be improved. The slightly lower contrast on exposure of large areas ͓Fig. 1͑b͔͒ does not confirm possible enhancement of cross-linking.
B. Linewidth and height profile for ultrahigh resolution structures
SEM images of fine line structures obtained at two different exposures ͑4 and 10 mC/ cm 2 ͒ at three different temperatures ͑−20, 25, and 60°C͒ are shown in Fig. 2 .
At the dose of 4 mC/ cm 2 the improved image contrast and uniformity of the lines exposed at 60°C compared to lower temperatures ͓Figs. 2͑a͒-2͑c͔͒ confirm the sensitivity increase. The measurable linewidths are ϳ5.9, ϳ6.4, and ϳ6.8 nm for −20, 25, and 60°C, respectively. E-beam exposures at a higher dose ͑e.g., 10 mC/ cm 2 ͒ in Figs. 2͑d͒-2͑f͒ resulted in formation of well-defined structures at all exposure temperatures, with a slightly smaller linewidth at the 60°C exposure compared to lower temperature exposures, i.e., ϳ11.0, ϳ12.0, and ϳ9.3 nm for −20, 25, and 60°C, respectively. A summary of linewidth dependence on dose with exposure temperature as a parameter is presented in Fig. 3 . Dashed lines ͑linear fit͒ were plotted as the guide to the eye for all temperatures data.
FIG. 1. ͑a͒ Dependence of normalized thickness vs dose for different exposures temperatures measured for 50ϫ 50 m 2 exposed areas and 70 nm initial HSQ resist thickness. ͑b͒ HSQ sensitivity and contrast for different exposure temperatures.
The linewidth for structures exposed at 60°C manifests less sensitivity for overdose. We suppose that several effects could contribute to that trend. First, we suppose that the mean free path of secondary electrons ͑SEs͒ responsible for exposure is reduced with the increased temperature due to enhanced electron-phonon interaction what results in decrease in the final diffusion range of SE. Taking the same inverse proportionality to the temperature as found in semiconductors, 15 the mean free path will drop by about 20% in the temperature range 25-90°C. This estimation only gives a very qualitative indication as HSQ is an oxidic insulating polymer material. Closely related to this, thermally activated bonds in the material may result in increased reactivity of the resist molecule, limiting lateral exposure effects even more. Based upon an estimated SE lateral impact on HSQ of 3-4 nm, the line reduction from SE effects is limited to Յ1 nm. In addition, higher exposure temperature may result overall into more dense structures due to enhanced cross-linking, and so less suffering from porosity which is known to take place for the negative resists as well as for HSQ. 16 Less porosity means less swelling during development and less linewidth broadening for higher temperatures.
Height profiles obtained by AFM inspection of structures formed at different exposure temperatures for dose range from 2 to 5 mC/ cm 2 are shown in Fig. 4 . As it is possible to see, e-beam exposure at 60°C results in relatively good aspect ratio ϳ0.4 in our case already at low exposure dose of 3 mC/ cm 2 contrary to the lower exposure temperatures. For achievement of good statistics, measurements of average line structure height versus dose with exposure temperature as a parameter were performed for whole exposed area of the patterns, see ues obtained from these curves are all in the range 2.2Ϯ 0.2, which is slightly lower than the contrast for the large areas in 70 nm thick films. The slight difference maybe related to the granular structure of the HSQ material. Sub-10-nm linewidth is close to the size of a single cluster.
IV. CONCLUSIONS
Influence of the exposure temperature on ultrahigh resolution electron beam lithography using HSQ resist was investigated. Dependencies of the HSQ contrast and sensitivity with respect to the temperature during exposure were obtained. Besides the increase in sensitivity, a slight degradation of contrast was observed with exposure temperature rise. An activation energy ϳ1.6 kcal/ mol was obtained from the linear region on the Arrhenius plot of sensitivity dependence on temperature. High resolution structures formed at elevated temperatures exhibit improved uniformity in combination with less sensitivity to overdose compared to lower exposure temperatures. While the whole complexity of the temperature effect on the resist exposure process requires more understanding, the observed effects could probably be attributed to several mechanisms. Amplification of thermally activated processes and their influence on the rise of the resist sensitivity and molecular weight distributions between original and irradiated resists is the main mechanism which determines contrast and consequent resist resolution with exposure temperature variation. A slight decrease in diffusion range of SE and a decrease in structure's porosity with a rise of exposure temperature could complement to the main mechanism. 
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